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ABSTRACT 

SW-MW Imaging Infrared Spectrometer, the Hyperspectral optical imaging instrument is envisaged to map 
geomorphology and mineralogy of lunar surface. The instrument is designed to image the electro-magnetic energy 
emanating from moon’s surface with high spectral and spatial resolution for the mission duration from an altitude of 100 
km. It is designed to cover 0.8 to 5 pm in 250 spectral bands with GSD 80m and swath 20km. Primarily, there are three 
basic optical segments in the spectrometer. They are fore optics, dispersing element and focusing elements. The payload 
is designed around a custom developed multi-blaze convex grating optimized for system throughput. The considerations 
for optimization are lunar radiation, instrument background, optical throughput, and detector sensitivity. HgCdTe 
(cooled using a rotary Stirling cooler) based detector array (500x256 elements, 30pm) is being custom developed for the 
spectrometer. Stray light background flux is minimized using a multi-band filter cooled to cryogenic temperature. 
Mechanical system realization is being performed considering requirements such as structural, opto-mechanical, thermal, 
and alignment. The entire EOM is planned to be maintained at -240K to reduce and control instrument background. A1 
based mirror, grating, and EOM housing is being developed to maintain structural requirements along with opto¬ 
mechanical and thermal. Multi-tier radiative isolation and multi-stage radiative cooling approach is selected for 
maintaining the EOM temperature. EOM along with precision electronics packages are planned to be placed on the outer 
and inner side of Anti-sun side (ASS) deck. Power and Cooler drive electronics packages are planned to be placed on 
bottom side of ASS panel. Cooler drive electronics is being custom developed to maintain the detector temperature 
within lOOmK during the imaging phase. Low noise detector electronics development is critical for maintaining the 
NETD requirements at different target temperatures. Subsequent segments of the paper bring out system design aspects 
and trade-off analyses. 
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1. INTRODUCTION 

Instruments onboard Chandrayaan-I has discovered presence of hydroxyl (OH) and water (H20) molecules on Moon 
surface. Scientific community is looking for a more quantitative analyses of lunar surface using high resolution (spatial 
and spectral) imaging instrument. SW-MW Imaging Infrared spectrometer is a grating based dispersive instrument, 
which would provide instantaneous spectra of lunar surface dining the primary imaging sessions (noon-midnight orbits). 
The reflected and emitted radiation from lunar surface in the spectral band 0.8 to 5pm would be mapped by this 
instrument. Radiation in 2 to 5pm spectral region would confirm and quantify findings of instruments on-board 
Chandrayaan-I with greater certainty. Imaging in the 4-4.5pm spectral region data would be used to independently assess 
the thermal emissions from the lunar surface. This would be helpful in correcting the thermal component of the total 
radiation in 2 to 3.5pm region. The spectral region of 3 to 5pm would be used to understand the thermal properties of the 
Moon surface [1], This paper brings out overall system design with specific emphasis on critical subsystems. System 
design involves study and trade-off analyses of various configurations considering performance requirements, 
understanding of orbit geometry, energetics, technologies and resources available. 
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2. SYSTEM SPECIFICATIONS 


The instrument (from 100km altitude) would cover 20km swath at 80m GSD (ground sampling distance) with spectral 
resolution of about 20nm in the wavelength range from 0.8 to 5pm. Configuration of the system should be able to match 
the Signal to Noise (SNR) requirements considering orbit geometry, reflectance, temperature, emissivity, optics 
throughput, spectral bandwidth, detector sensitivity, thermal background flux, and noise floor of the instrument. 


Parameter 

Specifications 

GSD (m x m) 

80x80 

Swath (km) 

20 

Spectral Range (pm) 

0.8 to 5 

Spectral Resolution (nm) 

<20 

Noise equivalent Differential Radiance, NedR (W/m2/sr/pm) 

<0.05 

SNR 

500 

No. of spectral bands 

249 


Table: 1 System specification 

3. SYSTEM CONFIGURATIONS REQUIREMENTS 

Payload subsystems are usually designed with aim to meet performance at system level taking into consideration of 
design constraints such as available technologies, resources (permissible limits of mass, power, and volume), timeline, 
and budget. Subsequent sub-sections define various design options: 

3.1 Optical system 

Wavelength band dictates the selection of all-reflective foreoptics since there are few refractive materials in this spectral 
region. Moreover, consideration of optical throughput also guides selection of reflective telescope design. Three-mirror 
anastigmat (TMA) design has been chosen for the foreoptics to meet image quality, field curvature and telecentricity 
requirements [2], 

The image acquired by the foreoptics would be spectrally dispersed and re-imaged again onto the focal plane array. The 
spectrometer disperses the incoming beam into different colours. There are many ways to spectrally disperse the 
incoming beam, some of which are wedge filter, prism, Fourier Transform spectrometers, plane grating, concave grating 
and convex grating. 

Wedge Filter: Wedge filter is a linear variable filter (LVF) that has the characteristic to pass radiation through a 
very narrow bandpass. The LVF is a band-pass filter with continuous variation in central wavelength of band-pass along 
the length/width of the filter. This type of filter has been used for Hyper Spectral Imager of Chandrayaan-1 and Limb 
Viewing Hyper Spectral Imager (LiVHySI) of Youthsat. The achievable average transmission works out to be lower than 
acceptable limits for the selected application. In addition, the attainable spectral resolution using a wedge filter comes 
out to be 200 nm against the requirement of less than 20 nm. Therefore, the wedge filter is not considered for spectral 
dispersion. 

Prism: Resolving power of a prism spectrometer is proportional to base dimension and (ratio of " change 
in refraction index with a change in wavelength). Larger prism with higher dispersion of the material would yield better 
spectral resolving power. Optical throughput of such a system gets compromised due to higher material absorption 
coefficient. The prism-grating combination assembly provides the necessary dispersion between sets of relay lenses. The 
dispersion is primarily performed by the grating, with the prism compensating for the first order diffraction angle. Due to 
consideration such as design complexity, unavailability of refractive materials in this spectral region, and relatively high 
spectral distortion, this option is not considered. 

Fourier Transform based spectrometer: It is computationally intensive and offers relatively low temporal 
resolution for the required spectral resolution through wavelength band. In addition, the Michelson spectrometer is 
highly sensitive to vibration and the Sagnac spectrometer suffers with poor spectral resolution. Due to above mentioned 
reasons, this approach is not considered for instrument development. 

Plane Grating: The primary difficulties in spectrometer utilizing plane transmission gratings are alignment, 0th 
order diffraction suppression, and pupil matching. Plane Grating based systems are bulky for all-reflective optic designs. 
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In addition to this problem, the spectral distortions are also relatively high and it is not possible to obtain sub-pixel 
spectral distortion. Therefore, this option is also not used for the instrument design. 

Curved Grating: Both concave and convex gratings have their relative advantages and disadvantages. Due to 
packaging problems, presence of refractive optics, difficulty in producing blaze gratings, the concave grating is not 
found suitable for this development. The option of convex grating based Offner spectrometer is selected as the preferred 
option. As the spectral range is quite large, it is challenging to maintain high diffraction efficiency throughout the 
spectral band of interest. The use of a single grating to disperse the entire spectral range reduces the package dimensions 
and weight by a significant amount. Increasing the efficiency would require either use of a multi-blaze blaze grating or 
dividing the spectral region into two different spectral bandwidths, which would be spectrally dispersed by two different 
gratings [3], 

Spectrometer configurations: Three different spectrometer configurations are studied: (a) Two spectrometers 
sharing rays from the same Fore optics, (b) Two spectrometers with independent Fore optics, and (c) Fore optics flowed 
by one spectrometer to cover the entire spectral range. The configuration (a) provides better optical throughput as well as 
lesser stray light contribution. However, it demands larger mass, volume and power. And hence, could not be accepted 
for a resource critical lunar mission. Configuration (b) also provides a solution meeting the performance requirement 
with mass, volume and power requirements beyond acceptable limits. Configuration (c) is selected for development. 
Optical throughput is planned to be achieved using multi-blaze design. The slit sub-assembly is planned to be part of this 
assembly with appropriate mechanisms (six degree of freedom) of alignment. 

Fore Optics design: The fore optics would be used to collect incoming EM radiation from lunar surface with 
80m GSD from 100km altitude. The required EFL and FOV are (75 mm and ± 5.7° respectively) met using an F/2.5 all- 
reflective three mirror anastigmat design. The design provides diffraction limited MTF with a maximum distortion of 
about 0.05%. 

3.2 Focal Plane Array (FPA) configuration 

There are two approaches for realization of FPAs using semiconductor (HgCdTe or InSb) based photonic detectors for 
Spaceborne Infrared imaging systems. Detector array with passive cooling system to achieve operating temperature 
using heat pipes and radiator. In this approach, the temperature of the detector array could only be attained in a vacuum 
chamber with radiative heat exchange between the payload radiator and the deep space thermal simulator [4], And 
conductive heat exchange between the payload radiator and FPA could be realized using heat pipes and flexible thermal 
straps. This approach is studied in depth and found not suitable for consideration such as: (a) 90K FPA operation, (b) 
FPA power dissipation about 500mW, and (c) limited resources of lunar mission. The other approach is more 
conventional and here the FPA is housed in a vacuum dewar and attached to the tip of closed cycled He based cooler. 
This arrangement permits (Integrated Detector Dewar Cooler based assembly, IDDCA) ambient operation using dewar 
skin temperature measurement system. A Stirling cycle rotary cooler is chosen to meet the mission requirements with 
respect to mass, power, volume, life, shock, and vibration. A four band cold filter is planned to be integrated, inside the 
Dewar in close proximity to the FPA, to suffice dual purposes: (a) minimize the energy from higher orders (due to 
grating), and (b) reduce background flux. The design of the cold shield is planned in such a way that it minimizes 
background flux for a Telecentric optical design with F#2.5. 

3.3 Camera Electronics 

There are three major sub-assemblies namely: (a) proximity board, (b) post-processing and command/control boards, (c) 
cooler drive and control board, and (d) power board. The proximity board generates precision bias, clock, control signals 
and digitizes video signals using 12-bit ADC. Post processing board perform data binning (spatial and spectral), 
compresses video data, stores into onboard memory. This section also generates command and control signals necessary 
for payload operation. The cooler drive and control board provides necessary stimuli for cooler operation and maintains 
FPA temperature to within lOOmK (from set temperature 90K) using a close loop control system. The power board 
provides regulated power to each of the subsystems. 

3.4 Mechanical System 

Mechanical system is designed to fulfill the functional requirements of the instrument. It is designed to hold various sub- 
assemblies at specified locations and maintain their relative positions within permissible limits throughout mission life 
under various loads (environmental, assembly and operating temperature). Construction material is kept same for optics 
and structure (A16061) in order to achieve Athermalized nature of the instrument. 
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3.5 Thermal Control system 

Spacecraft is planned to be placed in a polar circular orbit of 100 Km. Due to the relative motion of the Earth, the Moon 
and the Sun, Solar illumination angle on S/C surfaces changes at about one degree/day. Hence, primarily two extreme 
orbit conditions from thermal control point of view are as follows: (a) Noon-Midnight: where the Sun vector is parallel 
to the spacecraft orbit plane, (b) Dawn-Dusk: where the Sun vector is perpendicular to the spacecraft orbit plane. 

The adopted thermal design make use of both active and passive thermal control techniques. FPA is cooled using active 
Cooler. Heat from IDDCA and optics is removed using passive thermal control techniques augmented with the electrical 
heaters. Three Tier thermal isolation is provided: (a) Payload is thermally isolated from S/C deck using low thermal 
conductive material, (b) Optics is further thermally isolated from Base plate using low thermal conductive material, and 
(c) Payload is radiatively isolated from Surrounding using Thermal shield. In addition, low emissive coating is planned 
to be put on appropriate surfaces to reduce heat transfer through radiation. 



Payload 



Thermal Control system 



Figure 1: Payload Configuration 


4. SYSTEM ENGINEERING 

Primarily there are three basic optical segments in an imaging spectrometer (refer Fig.-l). They are fore optics, 
dispersing element and focusing elements. Convex Grating based single offner spectrometer with reflective fore optics 
(Three Mirror anastigmat) configuration is selected to cover wide wavelength range 0.8 to 5 pm. HgCdTe based detector 
array (500x256 elements, 30pm) is planned to be put at focal plane of the spectrometer. The detector array with four 
band filter strip (would serve dual purposes of order sorting and background flux reduction) integrated in Dewar 
configuration and cooled to cryogenic temperature (~90K) for operation using rotary Stirling cooler. Mechanical system 
is designed considering requirements such as structural, opto-mechanical, thermal, and alignment. The entire EOM is 
planned to be maintained at -240K to reduce and control instrument background. A1 based mirror, grating, and EOM 
housing is planned to maintain structural requirements along with opto-mechanical and thermal. Three tier radiative 
isolation and radiative cooling approach is selected for maintaining temperatures of various sub-assemblies. 

Modeling and signal computations are carried out for identifying background as well radiance dynamic range (reflected 
& emitted) for the selected configuration. It is felt that background is a major factor responsible for dictating payload 
configuration and achievable performance for a Hyperspectral imager in this spectral region. 

So, to improve the radiometric performance, background emission is planned to be minimized by following approaches: 
(a) Cooling the spectrometer optics along with mounting structure to -240K to significantly bring down the background 
radiation, (b) Cold shield to restrict the detector field of view and consequently reduce effect of out of field background 
emissions, (c) Using cooled four band strip filter in front of the area array imaging detector, (d) Using high reflectivity 
mirrors and grating so that thermal emission from the respective surfaces is minimized. 
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5. ESTIMATED SYSTEM PERFORMANCE 


Radiance (Ref. Fig.-2) for lunar surface at different temperatures depending upon latitude and local time, for Highlands 
and Mare regions are computed. Signal is estimated for these scene conditions. It is designed to operate up to MIR (5.0 
um) range, instrument emission signal and its variations are important components to consider for sensor performance 
estimation and optimization. Instrument emission reduces dynamic range of the system and adds noise, thus reduce 
system SNR (Ref. Fig.-2). Instrument cooling is required to reduce emission, specifically for 3.5 um to 5.0 um spectral 
region. It is planned to operate the IDDCA at about 240K. Along with cooling, temperature stability is required to check 
the background drift. 


Estimated instrument background 

Background 

Contributors 

Temp.f 

K) 

Background Estimation (by 
Simulation using I-DEAS 
TMG) 

Spectrometer 

240 

Spectrometer Flux on FPA 
=33 W/m 2 

IDCA Flux on FPA =42.1 
W/m 2 

Total Flux on FPA = 75. 1 
W/m 2 

Bandwise Flux on FPA 

B1 = 7.36E-21 W/m 2 , B2 
=9.89E-12 W/m 2 , B3 =7.40E- 
5 W/m 2 , and 

B4 =1.53E-2 W/m 2 

Bandwise Electrons per pixel 
including FPA dark signal 

B1 = 7 ke-/ms, B2 = 7 ke-/ms, 
B3 = 9 ke-/ms, and B4 = 384 
ke-/ms 

Vacuum 

Window 

240 

Cold Shield 

200 

OSF 

150 

FPA 

90 


Considerations for signal calculation 

• Solar Radiance: Spectral (Wherli85) 

• Reflectance: Lunar Mare and Highland 

• Lunar Emission: Spectral Planck’s 

Law 

• Sun Zenith Angle: 30 degree 

• Sensor View: Nadir 

• Surface Temperature: 

Temperature of lunar surface varies from less 
than 100 K (in night) to about 400K (in day & 
near equator). In noon time, temperature is 
more than 350K up to 50 degree latitude, more 
than 300K up to 70 degree latitude and more 
than 200 up to 85 degree latitude. 


Wavelength (nm) v/s Spectral Radiance (mW/(cm2.sr.um)) considering Spectral Reflectance and Spectral Emisivity 
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Figure 2 : Instrument Background Estimation 
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6. MAJOR MILESTONES TOWARDS REALIZATION 


Following areas require utmost attention and thrust during design and realization of Hyperspectral imaging payload, (a) 
estimation of dynamic range of reflected and emitted radiance in the spectral band of interest, (b) estimation of 
background radiation, (c) estimation of variation of background at different field positions along the sensor array due to 
cold shield geometry, fd) system engineering for estimating and identifying all critical elements and technologies, (e) 
identification of efficient spectral separation methodology, (f) material selection for meeting opt-thermo-mechanical 
requirements, (g) design of collecting, spectral dispersion and focusing optics, (h) stray light minimization, (i) 
identification of photon sensing technology and evolution of configuration suitable for specific application, (j) 
optimizing mechanical structure for maintaining FPA positional stability within the mass budget, (k) thermal design for 
effective management of heat sources/heat sinks/heat transfer medium providing necessary isolation from hot surfaces, 
minimizing heat leakage, optimizing thermal conductivity of FPA / optical / structure elements with respect to radiator, 
(1) design and realization of radiator, (m) surface treatment of FPA mount / optics mount and payload enclosure for 
maintaining desired temperature and maximizing the system dynamic range, fn) alignment of various critical cooled 
optical elements in vacuum, (o) low noise camera electronics for maintaining the available dynamic range, fp) 
radiometric and spectral calibration meeting the desired International standards, (q) defining onboard calibration 
methodology. 


7. CONCLUSION 

All A1 based Athermalized design is adopted. Entire spectrometer is planned to be cooled to about 240K for operation. 
Hence, necessary testbench is being developed for alignment, testing, and characterization in vacuum environment. A 
Single Multi-blaze convex grating is planned to cover 0.8 to 5pm spectral range with four band order sorting filter for 
spectral separation. IIDCA based approach is preferred considering the resources of planetary mission. Custom 
electronics is being developed for FPA and cooler operation to meet the mission requirements. 
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